■ Abstract Background Motor assessment after incomplete spinal cord injury (iSCI) currently consists of tests for muscle strength (manual muscle testing) and gait. The ability to adequately time a movement, an aspect of dexterity, is not tested. Thus, this study assessed the timing of ankle dorsiflexion in iSCI patients in the supine position and during gait and examined its relation to measures for muscle strength, corticospinal conductivity and gait speed. Methods In 12 subjects with iSCI and 12 matched controls, timing of ankle dorsiflexion was tested by means of auditory-paced dorsiand plantar-flexion movements at three frequencies in the supine position and by determining initiation and termination of dorsiflexion in swing during gait. In addition, maximal movement velocity (MMV) in the ankle task, maximal voluntary contraction (MVC), corticospinal conductivity (motor evoked potentials (MEP)) and gait speed (10 Meter Walk Test) were assessed. Results The groups did not significantly differ in timing of ankle dorsiflexion, neither in the supine position nor in gait. However, they significantly differed in MMV at all frequencies, MEP latency, MEP amplitude and gait speed. In contrast to ankle timing in the supine position, the onset of dorsiflexion in swing during gait significantly correlated to the dynamic MEP parameters. Conclusions Although MMV and gait speed were significantly reduced, timing of ankle dorsiflexion, both in the supine position and during gait, was less impaired in iSCI patients. This indicates that the loss of strength, particularly of dynamic strength, is the major motor impairment in iSCI, which might be considered when assessing treatment interventions.
■ Key words dexterity · incomplete spinal cord injury · motor evoked potential · muscle strength central nervous system (CNS). In upper limb studies with stroke patients, dexterity, defined as adroitness and competency in use of the limbs [7] , was shown to be a separate aspect of motor control, which is not restricted to manual tasks [1, 8] . In iSCI, a recent study showed that dexterity in the supine position, defined as the adequate timing of ankle dorsi-and plantar-flexion movements, was only slightly affected, while muscle strength was substantially reduced [38] .
In the assessment of gait in iSCI patients, only gait speed and the usage of walking aids are currently being assessed [16, 17, 33, 34] , while studies focusing on kinematic gait characteristics in iSCI patients have been rare [27] . Nevertheless, the swing phase of gait is particularly susceptible to corticospinal influence on the motoneuron pool [31, 32] . Thus, the control of ankle dorsiflexion during swing might be altered in iSCI patients, which could lead to impaired walking ability and enhanced risk for falls [26] .
For these reasons, the aims of this study were to compare timing of ankle dorsiflexion as an aspect of dexterity in both the swing phase during gait and in the supine position between iSCI patients and control subjects and to relate it to corticospinal conductivity (motor evoked potentials (MEP) [12, 14, 36] ) and to measures for muscle strength and gait speed.
Methods

■ Subjects
All procedures were in accordance with the standards of the local ethics committee and with the Declaration of Helsinki. All subjects gave informed written consent to participate in the study. The 12 patients with iSCI (9 males; age = 58.3 years ± standard deviation 10.7 years) were recruited from the Spinal Cord Injury Center, Balgrist, Zurich, Switzerland. All of them had preserved motor function below the neurological level (ASIA C or D) and the spinal lesion occurred on average 2.65 years (± 3.53 years) ago, ranging from 1 to 117 months ( Table 1 ). The elderly control subjects (matched for gender and age = 59.2 years ± 11.3 years) were recruited via the local university department for senior citizens. Data of the more affected limb of the iSCI patients were compared to those of the weaker limb of the controls, which was defined by the muscle strength of the dorsiflexor muscles, since these muscles were the focus of this study.
Experimental procedure
■ Assessments during gait
Timing of ankle dorsiflexion in swing
The subjects walked on a treadmill at 2.5 km/h. All patients (and the control subjects on request) wore a safety harness that was attached to the ceiling and all partici- pants were instructed to hold the hand railings that were parallel to the treadmill. Four force sensors underneath the treadmill recorded the phases of gait cycle, two electrogoniometers (Biometrics Ltd, Gwent, UK) the ankle movements. All subjects underwent a period of familiarization with treadmill walking under test conditions and subsequently, 20 consecutive complete step cycles (in order to avoid alterations of gait parameters due to fatigue) were collected for analysis. For analysis, the raw data were cut into single steps at the beginning of stance phase, averaged and normalized to 1000 samples. Initiation of dorsiflexion was determined by the time of the minimum in the ankle goniometer curve at the beginning of the swing phase [26] , termination of dorsiflexion in swing by the maximum of the goniometer curve during swing. All data were analyzed using SOLEASY software (ALEA solutions GmbH, Zurich Switzerland) and Matlab 6.5 (The MathWorks, Natick, Massachusetts, United States).
Gait speed
Gait speed was assessed by a 10 Meter Walk Test [33, 34] .
The subjects walked on a flat stretch of about 14 meters length at their preferred and maximal gait speed. The time taken to walk the 10 meter distance in the middle (to avoid effects of acceleration and deceleration) were manually measured by means of a stopwatch. Gait speed data were normalized by dividing speed by body height
■ Assessments in the supine position
Timing of ankle dorsiflexion
A detailed description of the test protocol was published previously [38] . In short, computer-generated tones were presented to the subjects in blocks of different frequencies (0.8,1.6 and 2.4 Hz).The subjects (in the supine position) were instructed to follow the tones (1) with their foot as accurately to the tones as possible and (2) with the largest range of motion (ROM) possible. For each frequency, the subjects had to perform 20 dorsiand plantar-flexion repetitions. They were able to visually control foot movements to compensate for impaired proprioception, but this was not explicitly instructed. Data from the first 5 movement cycles were not included in the analysis, since a minimum of 3 to 5 signals are required for picking up the beat [3] . From the remaining 15 ankle dorsiflexions and 15 plantarflexions, accuracy of timing was determined for each frequency by averaging the duration of movement cycles, converting the result to frequency and comparing it to the target frequency [38] .
Maximal movement velocity and muscle strength
Maximal movement velocity (MMV) in dorsiflexion was calculated by deriving the goniometer data and then averaging the maximal movement speed per cycle. Maximal voluntary contraction (MVC) was measured using a custom-built torque measuring device that prevented any movement at the ankle and any influence of the weight of the lower limb on the torque measurement [14] . The subjects were asked to pull their foot as forcefully as possible. The measurement was taken when they had been holding the torque constant for about two seconds. Finally, the torque data were normalized by dividing torque by body weight [Nm/kg] [24] .
■ Transcranial magnetic stimulation
Transcranial magnetic stimulation (TMS) and EMG measurement were performed analogous to previous studies [14, 36] . Single pulses of 200 μs were delivered by means of a magnetic stimulator (MagPro, Denmark). For all measurements, a figure eight-shaped coil was used. Individual coil position and stimulation threshold were determined at the beginning of the recording. Threshold intensity was defined as the percentage of stimulator output that evoked a MEP amplitude of at least 50 μV in approximately 50 % of 10 consecutive stimuli [36] . Stimulation intensity was set at 1.2 x threshold intensity. TMS was performed in all patients at 20 % MVC [14] using the above described torque measuring device, while visual feedback about the contraction level was provided. Excitability and facilitation of MEP was studied during a static and a dynamic contraction condition of the tibialis anterior muscle (TA). The average of five measurements per condition was analysed [14, 36] . The EMG electrodes were placed on the middle of the TA muscle belly (inter-electrode distance 2 cm). The level of background muscle activity was calculated by the root mean square (RMS) of TA during 200 ms before the stimulus [14] . MEP amplitude was determined by calculating the RMS over a time window of 20 ms from the onset of the MEP and by subtracting background activity from the total MEP.MEP latency was defined as the time between TMS trigger and the MEP response using the cumulative sum method, which allows for a reliable determination of MEP latency and amplitude. Lastly, the MEP latency values were normalized by dividing MEP latency by body height [ms/m] [36] .
■ Statistical analysis
With a view to the small sample size of the groups, differences in performance between the groups were ana-lyzed using the non-parametric Wilcoxon rank sum tests. Spearman correlation was used to examine correlations between the parameters. The significance level α was set at 0.05 for all tests.
Results
■ Group differences in timing of ankle dorsiflexion
The groups did not significantly differ in the timing of ankle dorsiflexion, neither in gait (Fig. 1A) nor in the supine position (Fig. 1B) . While walking, the iSCI patients initiated dorsiflexion during swing on average at 67 % (± standard deviation 1.4 %) and terminated it at 83.3 % (± 3.3 %) of the gait cycle. The swing phase in the control group started on average at 66.5 % (± 1.4 %) and finished at 87.5 % (± 8.8 %) of the gait cycle. In the supine position, the deviation between performance and target frequency was larger in the iSCI group than in the control group at all frequencies, but the differences between the groups were not significant (deviation from target frequency in the iSCI group: 0. (Fig. 2A) . At 0.8 Hz, MMV in dorsiflexion was 145.9°/s (± 50.0°/s) in the iSCI group (Fig. 2B ). Isometric torque (normalized for body weight) was 0.35 Nm/kg (± 0.12 Nm/kg) in the iSCI group and 0.38 Nm/kg (± 0.07 Nm/kg) in the control group. Nevertheless, ankle timing in the supine position as well as the initiation and termination of dorsiflexion in swing were independent of MMV and MVC.
■ Timing of ankle dorsiflexion versus gait speed
In the iSCI group, preferred and maximal gait speed were 0.55 s -1 (± 0.18 s -1 ) and 0.77 s -1 (± 0.29 s -1 ), respectively. In the control group, preferred gait speed was 0.88 s -1 (± 0.09 s -1 ), maximal gait speed was 1.39 s -1 (± 0.18 s -1 ). Both, maximal and preferred gait speed significantly differed between the groups (p < 0.001). Neither accuracy in timing in the supine position nor the time of initiation of dorsiflexion in swing correlated with maximal or preferred gait speed. However, within the iSCI group, MMV in dorsiflexion at 2.4 Hz correlated to gait speed (r S = 0.66 and p = 0.02 for maximal and preferred gait speed) as did MVC in dorsiflexion (r S = 0.80, p = 0.006 for maximal and r S = 0.83, p = 0.003 for preferred gait speed).
Discussion
The purpose of this study was to investigate timing of ankle dorsiflexion in iSCI patients and to study the impact of spinal cord damage on this aspect of motor control. Timing of ankle dorsiflexion was compared between iSCI subjects and healthy controls and related to measures for CST conductivity (assessed by MEP), MMV, MVC and gait speed. Although gait speed, MEP parameters and MMV were significantly impaired in the iSCI subjects, there was no difference in timing of ankle dorsiflexion between iSCI patients and controls, neither during gait nor in the supine position. In addition, timing of ankle dorsiflexion was not related to muscle strength and gait speed.
■ Cortical control of ankle dorsiflexion
Ankle dorsiflexion was shown to be under large cortical control, both during gait and in the supine position. Enhanced CST activity in the swing phase of gait was reported in animals [4, 11, 20, 28] as well as in man [31, 32] .
Nevertheless, spinal networks that are involved in the generation of reciprocal rhythmic movement pattern for simple locomotion substantially enhance cortical control of locomotion [5, 15, 22] . In the supine position, a functional magnetic resonance imaging (fMRI) study in stroke patients using a paced dorsiflexion paradigm, which was very similar to the task presented in this study, showed strong cortical control of the ankle movement and reported an increase in fMRI activation in parallel to progress in gait speed and lower extremity motor control (Fugl-Meyer assessment [21] ) [18] . Therefore, timing of ankle dorsiflexion in the supine position and during gait can be regarded as an aspect of dexterity, which is, apart from muscle strength, a separate aspect of motor control [1] .
■ Dexterity in gait and in the supine position
Since initiation and termination of dorsiflexion in swing are dependent on gait speed [35] , the same walking speed was chosen for both the iSCI patients and the control subjects. Nevertheless, apart from a slight delay, none of these measures was significantly altered in the iSCI group, which indicates that gait cycle control was not considerably impaired. This is in contrast to other groups of patients with CNS lesions, where alterations in the duration of swing were reported [10, 13, 23] . In addition, in the elderly, a delay in ankle dorsiflexion in swing was shown to be predictive of falls [26] . Although over-ground and treadmill walking were shown to be very similar in terms of kinematics and kinetic parameters [30] , the sensory input provided by the driven walking belts might help to improve the timing of gait cycle. However, the time of initiation of dorsiflexion significantly correlated to MEP latency, which confirms the findings of a strong supraspinal (cortical) influence on the swing phase during gait [31, 32] . In the supine position, dexterity was only slightly reduced in the iSCI patients, but not significantly impaired.Although dexterity tests might be confounded by muscle strength, since a well controlled movement requires a certain amount of strength to be performed [7] , the present motor paradigm in the supine position demonstrated that accuracy in timing did not depend on either MMV or on MVC. Thus, the iSCI patients and the controls were comparably able to switch from dorsal-to plantar-flexion and vice versa, although the MMV of the iSCI patients was significantly reduced. Furthermore, dexterity in the supine position did not correlate to the MEP parameters in the present study, despite previous evidence for a cortical involvement in ankle dorsiflexion tasks [18] . This result shows that the ability to generate dynamic muscle strength is more responsive to an impairment of corticospinal pathways than dexterity (at least as dexterity was assessed in the present study). Although the iSCI patients showed considerable recovery of static muscle strength with preserved ankle dexterity, gait speed and dynamic strength were significantly reduced. This indicates that impaired ankle dexterity is not the main factor that leads to impaired limb movements after iSCI.
■ Maximal movement velocity and maximal voluntary contraction
The sample in the present study included iSCI patients with good recovery of static strength (no significant difference in MVC compared to controls) and walking capacity. Nevertheless, their MMV remained significantly reduced, which confirms slowing of movement to be a common feature after CNS lesions [6, 29] . The dynamic measure MMV strongly correlates to muscle strength [38] . Thus, the interesting result of similar static, but significantly different dynamic muscle strength in the two groups is in line with a recent finding that the rate of torque development was dramatically reduced in iSCI patients, while electrically elicited contractile properties did not differ compared to control subjects [25] . In addition, this finding emphasizes the need for a dynamic assessment tool to detect and follow motor deficits after iSCI [29] .
Conclusions
The separate assessment of dexterity and paresis in the ankle showed that timing of ankle dorsiflexion was significantly less impaired than muscle strength in iSCI patients. This supports the assumption that the loss of strength, particularly of dynamic strength, is a major component leading to motor impairment of the lower limb in iSCI, which might be considered in the assessment of treatment interventions.
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